Intercellular signalling mediated by Notch proteins is crucial to many cell fate decisions in metazoans. Its profound effects on cell fate and proliferation require that a complex set of responses involving positive and negative signal transducers be orchestrated around each instance of signalling. In Drosophila the basic-helix-loop-helix (bHLH) repressor encoding genes of the E(spl) locus are induced by Notch signalling and mediate some of its effects, such as suppression of neural fate. Here we report on a novel family of Notch responsive genes, whose products appear to act as antagonists of the Notch signal in the process of adult sensory organ precursor singularization. They, too, reside in the E(spl) locus and comprise transcription units E(spl) m4 and E(spl) ma. Overexpression of these genes causes downregulation of E(spl) bHLH expression accompanied by cell autonomous overcommitment of sensory organ precursors and tufting of bristles. Interestingly, negative regulation of the Notch pathway by overexpression of E(spl) m4 and ma is speci®c to the process of sensory organ precursor singularization and does not impinge on other instances of Notch signalling. q
Introduction
Among the large number of developmental processes mediated by Notch signalling, the process of lateral inhibition ensures that cells neighbouring a nascent neural precursor are inhibited from acquiring the neural fate. The end result of this process is that neural precursors of both central and peripheral nervous systems arise as spaced single cells in neurogenic regions of the ectoderm. Deletion of the Enhancer of split (E(spl)) locus results in embryonic lethality with hyperplasia of the nervous system, the characteristic phenotype resulting from a breakdown in this process of lateral inhibition and displayed by a number of Notch pathway genes (Muskavitch, 1994) . The E(spl) locus, located at 96F8-14, harbours 12 transcription units: md, mg, mb, ma, m1, m2, m3, m4, m5, m6, m7 and m8 (Delidakis et al., 1991; Schrons et al., 1992) . Molecular analysis has shown that seven of the genes within the E(spl) locus, namely md, mg, mb, m3, m5, m7 and m8, encode highly related basic-helix-loop-helix (bHLH) proteins (Kla Èmbt et al., 1989; Delidakis and Artavanis-Tsakonas, 1992; , and are turned on in response to Notch signalling, via the transcriptional mediator Su(H) (Bailey and Posakony, 1995; Lecourtois and Schweisguth, 1995; Wurmbach et al., 1999) . As E(spl) bHLH proteins are able to act as transcriptional repressors of proneural genes, they probably act as endpoint effectors in the suppression of neural fate mediated by Notch (Skeath and Carroll, 1992; MartinBermudo et al., 1995; Fisher and Caudy, 1998) . The pattern of expression of the E(spl)bHLH genes agrees with this model, as it closely matches the domains of neurogenesis both in the embryo and the larva Jennings et al., 1994; de Celis et al., 1996a) . The role of the non-bHLH genes of the E(spl) region has been overlooked so far. Yet at least one of them, m4, has been long known to have a similar expression pattern to that of E(spl) bHLH genes and appears to also be inducible by Notch signalling in a Su(H)-dependent manner (Knust et al., 1987; Singson et al., 1994; Bailey and Posakony, 1995) . We recently scanned the whole locus for genes showing transcriptional response to activated Notch. In addition to showing that all seven bHLH genes can be turned on by ectopic expression of a constitutively active form of Notch, we observed an identical behaviour for some of the non-bHLH genes (Wurmbach et al., 1999) . Could these proteins act in conjunction with the E(spl) bHLH factors to oppose neurogenesis?
Among the non-bHLH Notch-inducible genes of the E(spl) Complex are m4 and ma. The products encoded by these genes display signi®cant sequence similarity to each other (44% identity, 66% similarity), but otherwise constitute a novel class of proteins (Wurmbach et al., 1999) . The embryonic expression pattern of both of these genes is remarkably similar to that of E(spl)bHLH. In imaginal disks they both show strong expression in areas where peripheral neural elements arise, e.g. the macrochaete proneural clusters of the late larval wing disk, with ma displaying additional expression at other sites (Wurmbach et al., 1999) . In this paper we describe experiments aimed at the functional characterization of m4 and ma. Interestingly, a third Drosophila gene, Bearded (Brd) (Leviten et al., 1997) , which maps outside the E(spl) locus, encodes a product with weak structural similarity to the N-terminal half of m4 (31% identical/48% similar) and ma (25% identical/37% similar). Whilst it is not known whether Brd is transcriptionally activated by Notch signalling, it has been shown to participate in neural fate acquisition. Hypermorphic Brd alleles produce supernumerary external sensory bristles in the adult and display genetic interactions which argue for a model where Brd counteracts the activity of the Notch pathway in sensory organ speci®cation (Leviten and Posakony, 1996) . If m4 and ma have a function similar to Brd, they would promote neural fate, contrary to expectation for a Notch-driven class of genes, which would be to oppose neural fate.
We show here that, unlike their neighbouring E(spl)bHLH genes, overexpression of either m4 or ma appears to counteract Notch signalling, as it produces supernumerary chaetae, a phenotype similar to that of Brd gof alleles. These arise from suppression of the Notch-mediated lateral inhibition process, as their progenitor cells (the sensory organ precursors, or SOPs) are seen in close apposition to each other in imaginal disk epithelia. We analyse the possible mechanism of function of these proteins and their relationships to various components of the Notch signalling pathway.
Results

Overexpression of m4 or ma produces bristle multiplication
The correlation of m4 and ma expression with domains of neural commitment, described in detail in Wurmbach et al. (1999) , prompted us to investigate whether they are involved in this process. Point mutants for these genes are not available. However, a small deletion within the E(spl) locus, Pr rev4 , removes transcription units m1 through m4 (Preiss et al., 1988) . Complementation analysis has shown that this allele is viable and wild-type over larger de®cien-cies of the region suggesting that complete loss of function (LOF) of m4 produces no obvious phenotype. As Pr rev4 is ma 1 , this might point to functional redundancy between these structurally similar genes. Larger de®ciencies removing both m4 and ma also remove a number of E(spl)bHLH genes and result in a typical embryonic lethal neurogenic phenotype (Preiss et al., 1988; Delidakis et al., 1991; Schrons et al., 1992; and our unpublished data) . Therefore, either m4/a cooperate with the E(spl)bHLH genes to suppress neural fate or their LOF phenotype is obscured due to epistasis by the E(spl)bHLH LOF genotype.
As we were unable to gain insight into the function of m4 and ma using a loss-of-function approach, we decided to generate gain-of-function situations for these genes. For this purpose we placed them under the control of UAS GAL and generated transgenic¯ies. When these were crossed to a variety of driver P[GAL4] lines, we obtained bristle multiplication phenotypes (Fig. 1) . This is the opposite effect from the overexpression of any of the neighbouring E(spl)bHLH genes, which leads to loss of sensory organs (Tata and Hartley, 1995; Nakao and Campos-Ortega, 1996) . GAL4 lines that produced bristle multiplication were those that drive expression in the notum during the time of SOP selection, speci®cally ptc 559.7 , sca T3 , 455.2, pnr md237 and ap md544 . The exact same effects were produced by both UAS-m4 and UAS-ma transgenes, with quantitative variations among lines attributed to position effects; therefore we shall henceforth collectively refer to them as m4/a. Macrochaetae, microchaetae and campaniform sensilla were similarly affected by m4/a overexpression. For example, expression of UAS-m4 ahead of the antero-posterior boundary of the wing disk (by ptc-GAL4) produced excess scutellar bristles and anterior cross-vein (ACV) campaniform sensilla (Fig. 1F) , the sensory organs that arise from this region of the disk. Characteristic of the m4/a overexpression phenotype is the multiplication of sensory organs at their normal locations; the extra bristles are frequently tufted together (Fig. 1) . Other than sensillum multiplication, no effects were observed in the wing, where Notch signalling is known to affect wing margin integrity and vein thickness (Huppert et al., 1997; Irvine and Vogt, 1997) . In accordance, no wing pattern aberrations were observed when single copy UAS transgenes were driven with GAL4 lines expressing predominantly in the wing pouch, such as 32B and omb md653 . This was con®rmed by examining vg(boundary)-lacZ and wg-lacZ in m4/a overexpression backgrounds; the patterns of these wing-margin speci®c markers were identical to wild-type (not shown).
m4 and ma do not behave like proneural proteins
Overexpression of proneural genes of the bHLH type, like those of the achaete-scute Complex, also gives rise to extra sensory organs (Hinz et al., 1994 ). Yet, the phenotype observed for m4/a is quite distinct from that of overexpres-sion of proneural genes. The latter produce ectopic bristles at new locations, such as the wing blade, something never observed with m4/a. Also, the ectopic bristles produced by UAS-l H sc are spaced, suggesting that they arise from individually spaced SOPs. To compare the SOP pattern produced by UAS-m4/a with that of UAS-l H sc we expressed each with the ap-GAL4 driver in the background of the SOP speci®c enhancer trap neur A101 . Although l H sc yielded a pattern of discrete SOPs randomly dispersed throughout the dorsal half of the wing pouch (the ap expression domain), m4/a gave clustered SOPs at the normal locations where single SOPs would have arisen in the wild-type (Fig. 2) , as expected from the adult phenotype. Therefore, it appears that m4 and ma do not have proneural function, rather they rely upon proneural gene expression to promote the SOP fate. This was con®rmed by combining ectopically expressed m4 (ap-GAL4; UAS-m4) with a de®ciency for the proneural genes ac and sc, Df(1)sc . Flies hemizygous for sc 10-1 have bald nota, as no SOPs are speci®ed in the absence of proneural gene activity. Expression of m4 in this background does not restore any chaetae (not shown), suggesting that m4 is unable to induce sensory organs in the absence of proneural proteins.
Overexpression of m4/a blocks lateral inhibition
The SOP pattern is a result of an interplay between proneural proteins, which promote neural fate, and Notch signalling, which inhibits it. The fact that supernumerary chaetael/SOPs arise in close apposition to each other ( Figs. 1 and 2 ) suggests that the contact-dependent Notch signalling that normally counters SOP fate may be compro- mised. To locally block lateral inhibition for comparison purposes, we overexpressed a well characterized negative regulator of Notch signalling, Hairless (H) Posakony, 1992: Maier et al., 1997) . H is known to negatively modulate Notch signalling by interfering with the activity of the transcriptional activator Su(H), via which at least part of the Notch signal is transduced to the nucleus (Brou et al., 1994) . Generally, the effect of H overexpression was similar to that of m4/a (Fig. 2C,E) . At the ACV (anterior cross-vein campaniform sensillum), L3 (third longitudinal vein campaniform sensillum) and wing margin clusters the extent of SOP overcommitment was comparable to that caused by m4/a, whereas at the dorsal radius H gave much higher numbers of supernumerary SOPs. The effects of H differed from those of m4/a in two further respects. First, H abolished some wing margin sensilla, presumably by interfering with the Su(H)-dependent inductive Notch signalling that sets up the dorsoventral boundary (de Celis et al., 1996b) , which subsequently induces margin SOPs (Phillips and Whittle, 1993) . We have already concluded that m4/a does not affect the process of dorsoventral wing patterning, consistent with the presence of a full complement of margin SOPs. The second difference was in the adult phenotype (not shown): whereas m4/a produced solely bristle tufting, H overexpression variably also produced naked patches or double-shaft socketless bristles (Bang and Posakony, 1992; Maier et al., 1997) , consistent with its proposed role in the SOP lineage cell fate decisions. Ectopic expression of m4/a gave neither of these phenotypes (Figs. 1 and 3B), suggesting that it affected only SOP singularization but not the SOP lineage. In order to test this hypothesis, we stained pupal nota with antibodies directed against Elav, a neuron speci®c marker, and Pros, speci®c to the sheath cell. As seen in Fig. 3C , there is a oneto-one correspondence between Elav positive and Pros positive cells. Therefore, overexpression of m4/a does not upset the Notch/Numb mediated asymmetric divisions in the SOP lineage (Jan and Jan, 1998) . The only step in sensory organ development that m4/a seem to affect is that of lateral inhibition which restricts the number of SOPs produced per proneural cluster.
As it is likely that m4/a affect a pathway of cell-cell 
. This GAL4 line expresses in the dorsal compartment of the disk (up in all panels). Arrowheads point to the dorsal row of wing margin SOPs, which are absent in (B), overcommitted in (C) and partially overcommitted in (E). Overexpression of l H sc affects disk patterning (D), as even the ventral (nonexpressing) row of margin SOPs is absent. Still there is a strong induction of ectopic SOPs in the dorsal compartment. In (C) and (E), overcommitment of other dorsal wing pouch SOPs is also seen (compare with A). Arrow points to the ACV and L3 precursors of campaniform sensilla. communication, it is important to determine whether they do so by interfering with signal emission or with signal reception. In the former case, their effect would be non cell-autonomous. To test this, we expressed UAS-m4 in clones of cells using a Ubx. stop f 1 .GAL4 driver (de Celis and Bray, 1997). Patches overexpressing m4 gave the expected phenotype of microchaeta tufting marked with f, whereas adjacent non-expressing f 1 bristles were always single (Fig. 1G) . Moreover, f bristles at clone boundaries were usually multiplied, that is, they were not rescued' by their proximity to wild-type tissue. We cannot conclude that this autonomy holds down to the single cell level, as we were not able to score the epidermal cell phenotypes. Still, we tentatively conclude that the effect of m4 is achieved through blocking of signal reception, which is also consistent with our cell culture results (see below).
Overexpression of m4/a downregulates E(spl) bHLH genes
How do m4/a act to negatively modulate lateral inhibition? This new family of proteins contains no known structural motifs to point us towards a possible function. To study the level of functioning of the Notch pathway we turned to a number of molecular markers. One indicator of Notch signalling is the expression of the E(spl) bHLH genes, a subset of which are recognized by the monoclonal antibody 323 (Jennings et al., 1994) . Wild type proneural clusters are positive for mAb323 immunoreactivity with the exception of single cells, which represent the committed SOPs. Unlike severe Notch loss of function, which abolishes mAb323 immunoreactivity (Jennings et al., 1994) , overexpression of m4/a caused a milder overall loss of staining with a subset of cells within the proneural cluster displaying undetectable levels (Fig. 4) . The 2±6 negative cells were always in contact, surrounded by E(spl) positive cells. Most likely, these cells correspond to the clustered neur A101 positive SOPs of Fig. 2 , as loss of E(spl)bHLH expression favours the SOP fate.
Downregulation of the E(spl)bHLH protein levels by m4/ a could be at the level of transcription or post-transcriptional. To test this we used E(spl) derived reporter genes in both the¯y and in a tissue-culture assay. In the¯y we tested m8-lacZ, which drives expression in a subset of proneural clusters (Lecourtois and Schweisguth, 1995) . We overexpressed m4 using the omb-GAL4 driver, which expresses in a broad central domain of the wing pouch, and ap md544 -GAL4, which expresses in the dorsal compartment of the wing disk. In both cases we observed a dramatic reduction of m8-lacZ activity within the m4 overexpression domain (Fig. 4) . This occurs even in regions where no ectopic sensory organs are formed, such as the posterior wing margin (Fig. 2E) , suggesting that the loss of m8-lacZ staining is not simply a consequence of overcommitment if SOPs. The effects observed with the 323 antibody are not identical to those seen by X-gal staining, the latter displaying a spatially more uniform reduction in staining as a result of m4 overexpression. The difference may be attributed to the different sensitivity of the techniques used, or to the fact that the two experiments assay the expression of different genes (mAb323 does not recognize E(spl)m8). Further studies are needed to determine if m4/a affect the expression of different E(spl)bHLH genes differentially; the conclusion presently is that overexpression of m4/a decreases E(spl)bHLH protein levels, at least partly through blocking transcription.
The transcriptional effect of m4/a was also observed in S2 cultured cells, where we tested two different luciferase reporter genes, one driven by a promoter fragment of E(spl)-mg and one by a promoter fragment of E(spl)-m8. These promoters were induced to 6x and 12x, respectively, after cotransfection with plasmids expressing Su(H) and an intracellular activated form of Notch (RICN). Addition of expression plasmid for m4 or ma gave a small yet consistent 2x repression (Fig. 4) of both reporters. In contrast, m4/a had no effect on an unrelated luciferase reporter gene driven by the achaete proximal promoter (not shown). We thus observe a speci®c repressive effect of m4/a on E(spl)bHLH transcription both in imaginal disks and in cultured cells.
The ability of m4/a to downregulate E(spl)bHLH levels, could account for their promotion of SOP fate. If this is the sole activity of m4/a proteins, then restoring the expression of E(spl)bHLH genes should abolish the m4/a gain-of-function (GOF) phenotype. We used scutellum speci®c GAL4 lines to ectopically co-express m4 or ma with one of the E(spl)bHLH genes (Table 1) . Whereas m4/a alone produced 6±13 scutellar bristles, coexpression of E(spl)bHLH eliminated scutellars, a phenotype indistinguishable from the gain-of-function phenotype of E(spl)bHLH alone. This epistatic relation of UAS-E(spl) over UAS-m4/a led us to the conclusion that m4/a cannot antagonize E(spl) bHLH factors at the protein level, rather must act upstream of their accumulation.
Consistent with this conclusion, we observed no interactions of m4 or ma with a number of E(spl) bHLH or with their co-repressor Groucho (Paroush et al., 1994) in a yeast two-hybrid assay (not shown). Furthermore, m4/a did not interact with the proneural proteins Da, Ac, Sc or Ato. In fact m4 appears to be a cytoplasmic protein, at least as far as we can judge from the subcellular localization of an m4-green¯uorescent protein (GFP) fusion (Fig. 5 ), making interaction with these nuclear factors unlikely.
Genetic interactions with other Notch pathway components
There are a number of Notch pathway components that m4/a could interact with to downregulate the expression of E(spl)bHLH genes. In an exploratory experiment, we overexpressed m4 or ma in genetic backgrounds heterozygous for various Notch pathway mutations to detect possible genetic interactions (Table 2 ). Of the mutations tested, ®ve modi®ed the phenotype: N 264-40 and E(spl) b32.2 increased the number of supernumerary bristles, and N Ax , Dp(1;2)N 1 Table 1 Overexpression of E(spl)bHLH is epistatic to overexpression of m4/a a ptc-GAL4 1 UAS-lacZ 4.0 ptc-GAL4 1 UAS-m4 8.1 ptc-GAL4 1 2xUAS-m4 10.1 ptc-GAL4 1 UAS-m4 1 UAS-ma 10.3 ptc-GAL4 1 UAS-lacZ 1 UAS-m4 6.0 ptc-GAL4 1 UAS-E(spl)m8 0.0 ptc-GAL4 1 UAS-E(spl)m8 1 UAS-m4 0.0 ptc-GAL4 1 UAS-E(spl)m7 0.0 ptc-GAL4 1 UAS-E(spl)m7 1 UAS-m4 0.0 ptc-GAL4 1 UAS-E(spl)mb 1.1 ptc-GAL4 1 UAS-E(spl)mb 1 UAS-m4
0.0 a Mean number of scutellar bristles per¯y in the following combinations. 16±98¯ies were scored per genotype. Wild type¯ies have four scutellar bristles (Fig. 1A) . Fig. 5 . Confocal section of a third instar ap-GAL4/ 1 , UAS-m4GFP/ 1 wing disk counterstained with propidium iodide to reveal nuclei (red). The green¯uorescence is excluded from the nuclei, suggesting a primarily cytoplasmic localization. and H 2 decreased it. The effects of N alleles agree with the proposed negative regulation of Notch signalling by m4/a. The further suppression of lateral inhibition by halving the dose of E(spl) was also not surprising, given our data that m4/a acts by downregulating the transcription of E(spl)bHLH genes. The suppression of supernumerary bristles by a reduction in H could ®nally be accounted for by increased transcriptional activation of the E(spl)bHLH genes, since H normally blocks the activity of the Su(H) transcriptional activator (Brou et al., 1994 . We also tested the possibility of protein-protein interactions between m4/a and a number of potential cytoplasmic partners using the yeast two-hybrid system. Both H and Su(H) are found in both nucleus and the cytoplasm (Fortini and Artavanis-Tsakonas, 1994; Gho et al., 1996; Maier, personal communication) , making such interactions feasible in vivo, yet neither was able to interact with either m4 or ma in yeast (not shown). No interactions were observed, either, with an intracellular fragment of Notch, N ICN1 or with the cytoplasmic factor Dx (Matsuno et al., 1995) .
Another possibility tested was whether m4/a might interact with each other or with Brd. Brd LOF alleles did not modify the overexpression phenotype of m4/a (not shown). Furthermore, there was no synergy in bristle induction when we co-expressed m4 with ma; rather the number of ectopic bristles was the same as with two copies of UAS-m4 (Table  1) . Consistent with this was the inability of m4 and ma to homo-or hetero-dimerize among themselves in the twohybrid assay. We, therefore, have no genetic or molecular evidence for interactions among m4, ma and Brd.
m4 and ma are members of a larger protein family
To identify proteins structurally similar to m4/a, we performed BLAST analysis against all available protein and nucleic acid data bases (Altschul et al., 1997) . Our highest scoring hits were consistently two Drosophila ESTs, AA246754 and AA433222. When we analysed the two against each other, we realized that they overlap, thus de®n-ing a single genetic locus. The predicted protein product from the assembled sequence shows similarity across the whole polypeptide chain to both m4 and ma (Fig. 6 ). m4-EST are 31% identical (48% similar) and ma-EST are 31% identical (55% similar). We screened the genomic cosmid library of the European Drosophila Genome Project (Madueno et al., 1995) using a PCR product from this EST and found two positive clones. Both of these map to 71A (I. Siden-Kiamos, personal communication), a region away from the E(spl) Complex (96F), but close to the Brd locus (whose product bears 22% identity, 46% similarity to the N-terminal half of EST), making this a dispersed gene family. Besides their protein product similarity, m4 and Brd have been reported to share common sequence motifs in their 3
H untranslated regions (UTRs), the Bearded box, the K box and the GY box, all of which are interestingly also found in E(spl)bHLH transcripts Lai et al., 1998) . We found two each of Brd-and K-boxes but no GY box in ma (Wurmbach et al., 1999) , whereas the EST transcript revealed all three motifs (not shown). The Brd-and K-boxes have been shown to confer mRNA destabilization Lai et al., 1998) . Quick RNA (and protein) turnover is desirable for factors that are deployed transiently in response to intercellular signals and whose effect, therefore, has to be downregulated when the signalling is turned off. The function of the third 3 H UTR motif, the GY-box is presently not understood . Interestingly no sequences from other species gave high BLAST scores in our searches, thus presently limiting the members of this family to Drosophila.
Discussion
A new family of genes that may promote sensory organ fate
In this paper we have described a new family of proteins involved in sensory organ fate acquisition and we have initiated a functional analysis of two members, m4 and ma. Whereas the genes encoding m4 and ma are located within the E(spl) region at 96F, two other members, Brd and a newly identi®ed EST transcript reside in 71A. m4, ma and Brd, are normally expressed in proneural clusters from which individual SOPs will arise, and m4/a (but not Brd) are transcriptionally induced by Notch signalling (Singson , 1994; Leviten and Posakony, 1996; Wurmbach et al., 1999) . The expression pattern and Notch-dependence of the fourth member is still unknown. Loss of function of either Brd or m4 gives a wild-type phenotype (Leviten and Posakony, 1996 ; this work), pointing to functional redundancy within this protein family. GOF phenotypes of Brd and m4/a are also virtually identical: they produce supernumerary SOPs. The only known difference to date is slight: m4/a seem unable to affect cell fates in the sensory organ lineage, whereas strong Brd gof occasionally cause naked cuticle patches due to pIIa transformation to the pIIb fate (Leviten and Posakony, 1996) . Based on the similarity of both LOF and GOF phenotypes, we can put forward a model whereby all members of this family have a similar mode of action, namely to antagonize Notch. We have shown that their action (at least in the case of m4 and ma) can be accounted for by reduced expression of E(spl)bHLH proteins, which are well known effectors of Notch signalling and antagonists of the SOP fate (Tata and Hartley, 1995; Ligoxygakis et al., 1999) . Despite functional similarity, sequence similarity is not high between Brd and the other members, most importantly Brd lacks the well conserved C-terminal domain present in all other members. What might the role of this domain be? One possibility is that it constitutes a regulatory domain whose function becomes dispensable upon overexpression of the protein (but see below for an alternative model).
Role of m4/a in the Notch pathway
The fact that m4/a are turned on by Notch signalling, even though they act against the downstream implementation of the signal, might be counter-intuitive, yet is not unprecedented. Other signalling pathways employ similar mechanisms of negative autoregulation. For example, activation of the EGF receptor results in expression of argos, which encodes an inhibitory ligand of Egfr (Schweitzer and Shilo, 1997) . Another example is the Hh pathway, where signalling upregulates expression of patched, a transmembrane receptor of Hh, which inhibits signal transduction (Ingham, 1998) . A major difference, however, is that in both examples, inhibition serves to spatially restrict the effects of signalling, and, in the case of Argos, is not cell autonomous. In contrast, m4/ma cells act autonomously, antagonizing the Notch signal within the same cell which should be responding to it. In fact both signalling mediators (E(spl)bHLH proteins) and antagonists (m4/a) are turned on by Notch signalling, via the same mechanism, namely Su(H)-dependent transcriptional activation. One possible function of this apparently con¯icting co-expression is to set a threshold for the level of Notch signalling needed to divert a cell from the SOP fate. An alternative (and not exclusive) possibility might be that these factors ensure that the N effect is very transient. In this respect, it is worth noting that all Notch-responsive genes within the E(spl) locus, both the bHLH and m4/a, are short and intronless, ensuring rapid accumulation of their products. Their degradation is rapid, too: as mentioned above, their transcripts contain special destabilizing signals, and the same likely holds true for their protein products as well (Jennings et al., 1994; Lai et al., 1998) . These attributes make the presence of these Notch responsive factors very transient and dynamic, such that small differences in temporal accumulation might be hard to detect. For example, we could think of the m4/a family as factors that are activated slightly later than E(spl) bHLH to switch off a round of Notch signalling, after the positive mediators (E(spl) bHLH proteins) have accomplished their task. To address such a function, detailed studies are needed, which will focus on the precise temporal sequence of E(spl)bHLH versus m4/a expression.
What is more unexpected in our ®ndings is the high speci®city of m4/a for the process of SOP singularization and the apparent indifference of other Notch mediated processes to Fig. 6 . Sequence comparison of the four members of the m4/a/Brd family generated by the PILEUP program (GCG). Highlighted in black are residues which are identical in at least three of the members. In grey are the residues which are similar in all members. Note two domains of strong similarity in the C-terminal halves of all members except Brd. Asterisks indicate the C-termini. m4/a overexpression. Overexpression of Hairless or Numb, two other well characterized Notch pathway inhibitors, affects a much broader range of developmental processes, e.g. cell fates in the SOP lineage, wing margin formation, wing pro-vein restriction (Bang and Posakony, 1992; Maier et al., 1997; Wang et al., 1997; Jan and Jan, 1998) . Hairless may normally participate in all of these events. Numb, on the other hand, is speci®c for the asymmetric divisions in the SOP lineage, but can mildly affect other processes when ectopically expressed (Frise et al., 1996) . Could our inability to detect phenotypes in other Notch-dependent processes be simply due to low levels of transgene expression? We believe this not to be the case, as a large number of GAL4 drivers were utilized, which otherwise gave SOP phenotypes with high expressivity and penetrance. A possible explanation of the refractoriness of other processes to m4/ a expression is that these proteins are subject to post-translational regulation that masks their activity in most cell types. One type of such regulation might be the association with an essential co-factor, whose expression could be restricted to the proneural cells. Yet, our two-hybrid analysis failed to reveal such a co-factor among the various likely candidates tested. Our one lead regarding the molecular mode of action of m4/a is the documented downregulation of E(spl)bHLH gene expression. As these are target genes of Notch, such an effect could result from a block in any of the steps involved in Notch signal transduction. The tissue culture results suggest that m4/a can block E(spl)bHLH genes even when activated Notch is exogenously provided, suggesting that these factors act at a step after Notch activation. However, the effects observed in these experiments are rather modest compared to the in vivo effects and thus we cannot be sure that they re¯ect the same activity of the m4/a molecules.
A conclusive description of the physiological role of m4/ a will await loss-of-function analysis. Based on our model, we expect m4/a LOF to display fewer bristles, by virtue of E(spl)bHLH overexpression. However, if members of this protein family indeed possess redundant functions, the true LOF phenotype will only be revealed by simultaneously mutating all members. Unfortunately, the intermingling of these genes with others and their location in two different genetic loci makes LOF analysis for the whole family presently impossible. For example, the available E(spl) de®-ciencies that delete both m4 and ma also delete a number of E(spl) bHLH genes, which we have shown to be downstream of m4/a. Since deletion of E(spl)bHLH genes is expected to give a phenotype epistatic to that of deleting m4 and ma, a putative phenotype Notch overactivation will go unnoticed.
Given the lack of LOF data, a more parsimonious interpretation of our data must leave open the possibility that our overexpression phenotypes do not re¯ect a genuine GOF of m4/a, instead overexpression might arti®cially produce a dominant negative situation. Several mechanisms can be envisaged that would produce such an artifact. For example the active m4/a protein may require post-translational modi®cation. It may be that overexpression saturates the modi®cation enzyme(s) and the excess unmodi®ed product acts as a dominant negative molecule. Alternatively, we can picture m4/a acting as an adaptor protein to bring together two non-mutually-interacting proteins (say A and B), the ternary complex being needed to transduce the Notch signal to the nucleus, rather than attenuating the Notch signal. Excess m4/a could generate m4/a-A and m4/a-B binary complexes, thus effectively poisoning the ternary complex. Unfortunately, the inability to detect protein-protein interactions by yeast two-hybrid analysis has kept us from gaining insight into the molecular mechanism of action of m4/a. Many questions remain: It is clear that these proteins on one hand respond to Notch and on the other affect its signalling output (positively or negatively); might they play a crucial role in the feedback processes that re®ne Notch signalling in the process of lateral inhibition? Is the function of Brd (which lacks an important conserved domain) identical to that of m4/a? Speci®cally, do the Brd GOF alleles re¯ect a dominant negative effect as the one put forward for the overexpression of m4/a or do they really re¯ect an increased activity of Brd? Are these types of molecule conserved in other species, similarly to many other Notch signalling components? Whether the overexpression data presented here re¯ect a GOF or a dominant negative situation, the involvement of the m4/a family of proteins in the Notch pathway has been suf®ciently well established and future work should reveal the mechanism of this involvement.
Experimental
Ectopic expression of m4/ma
For the ectopic expression of m4/ma, the GAL4/UAS system was employed (Brand and Perrimon, 1993) . Expression constructs were generated by PCR ampli®cation of the coding region from the respective cDNAs (Wurmbach et al., 1999) , thus avoiding mRNA destabilization signals in the 3 H UTR. The primers contained appropriate restriction sites which allowed subcloning of the PCR products as EcoRI(5 H )-Xho1(3 H ) fragments into the pUAST vector (Brand and Perrimon, 1993) . The GFP fusion was made using the red shifted GFP from Quantum Biotechnologies, isolated as an NheI(5 H )-XbaI(3 H ) fragment from pQBI25 and fusing it to the C terminus of m4, in a StuI site. Transgenic ies were generated in a Df(1)yw 67c23 background. Eight lines of UAS-m4, six lines of UAS-m4GFP and three lines of UAS-ma were generated.
GAL4 lines used were: ap md544 -GAL4, pnr md237 -GAL4, omb md65 -GAL4, ptc 559.1 -GAL4, sca T3 -GAL4 (all described in FlyBase, http://¯ybase.harvard.edu: 7081/), 455.2-GAL4 (Hinz et al., 1994) and 32B (Brand and Perrimon, 1993) . Clones were generated using Ubx . stop f 1 . GAL4 lacZ as described in de Celis and Bray (1997) . UAS-l H sc is described in Hinz et al. (1994) . UAS-E(spl)bHLH constructs are described in de Celis et al. (1996a) and Ligoxygakis et al. (1999) . UAS-H was a gift from D. Maier (unpublished data). m8-lacZ is described in Lecourtois and Schweisguth (1995) . All other mutant alleles, inserts and chromosomes are described in FlyBase (http: //¯ybase.harvard.edu:7081/). To produce UAS-m4 expressing¯ies in a H background, we ®rst generated a recombinant second chromosome carrying both ptc-GAL4 and a UAS-m4 insert. After crossing this to TM6B, Hu Tb/H 1 , we selected ptc-GAL4 UAS-m4/ 1 ; H 1 / 1 transheterozygotes and balanced them over the translocated balancer chromosome T(2;3) SM5 TM6B, Cy Hu Tb (also known as TSTL14). The ®nal cross was: H 2 /TM6B, Hu Tb £ ptc-GAL4 UAS-m4; H 1 /T(2;3) SM5 TM6B, Cy Hu Tb. Tb 1 larvae or pharate adults were picked for immunohistochemistry or notum phenotype analysis, respectively.
For the analysis of adult specimens, wings were mounted in Aquamount mountant modi®ed (BDH Laboratory Supplies) and nota were mounted in Hoyers (Wieschaus, 1986) and incubated overnight at 608C. For scanning electron microscopy, specimens were dehydrated in ethanol, coated with gold and analysed in a Jeol JSM35.
Histochemistry
Larvae were dissected in phosphate buffer and ®xed as described in Xu and Rubin (1993) . mAb323 was used according to Jennings et al. (1994) , rabbit anti-Asense (gift of Y.N. Jan), which speci®cally stains SOPs, was used at 1:10 000 dilution. Horseradish peroxidase coupled secondary antibodies were from Jackson Immunological Laboratories (anti-mouse used at 1:250, anti-rabbit used at 1:500); diaminobenzidine was used for development.
Pupal notum preparations for immuno-staining is described in Nagel and Preiss (1999) . Neuronal marker Elav was detected with mAb 9F8A9 (1:10) (G. Rubin; obtained from the Developmental Studies Hybridoma Bank, University of Iowa, Department of Biological Sciences, contract NO1-HD-7-3262/NICHD). Sheath cells were stained with rabbit anti-Pros at 1:400 (a gift of Y.N. Jan). Respective goat secondaries (1:100), coupled to DTAF or Cy3, were purchased from Jackson Immunological Laboratories. Images were acquired using a BioRad MRC 1024 confocal linked to a Zeiss Axioskop and assembled using Corel draw.
For X-gal staining, imaginal disks were ®xed in 1% glutaraldehyde for 10 min, washed in phosphate buffer and incubated with 0.2% X-gal at 378C in an Fe 21/31 containing buffer for 4 h (m8-lacZ) or 8 h (neur A101 ).
Drosophila S2 cell culture and transfection
As a reporter for E(spl) gene activity, we used an mg-luc reporter construct. mg-luc was made by inserting a 1.2 kb HindIII(5 H )-SacI(3 H ) fragment of the mg promoter (Eastman et al., 1997 ) into the SmaI(5 H )-SacI(3 H ) sites of pGL2 vector (Promega). m8-luc was generated in the same vector (SmaI site), using a 2.2 kb DraI fragment of the m8 promoter. Expression plasmids UAS-RICN, pSu(H)4, hslacZ and pmt-GAL4 are described in Eastman et al. (1997) .
S2 cells were cultured and transfected by the calcium phosphate procedure according to Eastman et al. (1997) . For the transfection assays we used per 5 £ 10 5 cells (500 ml): 450 ng of the mg-luc or m8-luc reporter vector, 100 ng of pSu(H)4, 50 ng of UAS-RICN, 90 ng of pmtGAL4 for transcriptional induction of pUAST constructs and 80 ng of hs-lacZ for normalization of results according to transfection ef®ciency. Variable amounts of UAS-m4 or UAS-ma were added (Fig. 4H,I ; amounts in ng). Total DNA was made up to 1.2 mg using the corresponding empty vectors. CuSO 4 (0.7 mM) was added 24 h after transfection in order to induce the metallothionein promoter of pmt-GAL4. Cells were harvested 24 h later and lysed in order to measure luciferase (Promega luciferase assay system) and b-galactosidase activities (Eastman et al., 1997) . Each value is the average of at least four independent transfections.
Yeast two hybrid assays
For the analysis of protein-protein interactions, m4 and ma coding regions were PCR-ampli®ed as described above and subcloned into pEG/pJG yeast vectors, respectively (Gyuris et al., 1993) . Cloning was con®rmed by sequencing and detection of protein in Western blots using anti-LexA and anti-HA antibodies, respectively from Clontech and Boehringer. They were tested for interactions as described earlier (Alifragis et al., 1997) with reciprocal constructs expressing Da, Ac, Sc, Ato, E(spl)md, E(spl)mg, E(spl)mb, E(spl)m8, E(spl)m7, E(spl)m5, E(spl)m3, Gro (Alifragis et al., 1997) , H (Maier et al., 1997), Dx, Su(H) or N ICN1 (Matsuno et al., 1995) .
Sequence comparisons
We used the BLAST programs (Altschul et al., 1997 ) to search databases for proteins similar to m4 and ma. Subsequent comparisons were performed using the GAP and PILEUP programs from the Wisconsin Sequence Analysis Package, v8.0 by GCG.
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